Yeast ribosomal protein genes are coordinately regulated as a function of cell growth; RNA levels decrease during amino acid starvation but increase following a carbon source upshift. Binding sites for RAP1, a multifunctional transcription factor, are present in nearly all ribosomal protein genes and are associated with growth rate regulation. We 
In the yeast Saccharomyces cerevisiae, the cyclic AMP (cAMP)-dependent protein kinase (protein kinase A [PKA] ) is a key regulator of growth control (reviewed in reference 1). Yeast PKA consists of a regulatory subunit homodimer, encoded by BCY1 (42) , and a catalytic subunit dimer encoded by three redundant TPK genes (43) . PKA activity is regulated by the RAS signal transduction pathway, which modulates intracellular cAMP levels. cAMP releases the BCY1 inhibitory subunits from the catalytic subunits, thereby resulting in phosphorylation of substrates. In general, high levels of cAMP and PKA activity are associated with cell growth. Cells grown in glucose have higher intracellular cAMP levels than do cells grown in less optimal carbon sources, and cAMP levels increase sharply upon a carbon source upshift (25, 41) . Moreover, high PKA levels are associated with breakdown of stored carbohydrates and induction of the glycolytic pathway.
Very little is known about how signals transduced through the RAS pathway and PKA lead to changes in gene transcription that are relevant to growth control. Unlike the situation in mammalian cells (11, 16, 31) , transcription dependent on ATF/CREB sites does not appear to be affected by PKA (46) . The only yeast genes known to be affected by PKA are ADH2 (6, 7) , UBI4 (39) , and CTT1 (24) . However, PKA is not significantly involved in glucose repression of ADH2 (7) or heat shock regulation of UBI4 (39) . PKA plays an important role in regulating CTTJ transcription in response to stress conditions (24) .
PKA is a candidate for connecting growth signals to the level of ribosome biosynthesis, which is regulated according to growth rate of yeast cells (47) . Rapidly Nearly all of the cloned ribosomal protein genes contain a RAP1 binding site(s) upstream of the TATA element (40) . RAP1 is an abundant nuclear protein that binds specific DNA sequences (consensus RMACCCANNCAYY) in a wide variety of promoters, in the mating-type silencers, and at telomeres (2, 18, 21, 33) . Depending on the promoter, RAP1 either stimulates or inhibits transcription, utilizing distinct activation and repression functions that are likely to be mediated through interactions with other proteins (38) . Interaction with RIF1 is critical for silencing and for telomere length regulation (14) , whereas interaction with GCR1 increases transcriptional activation (44) . RAP1 binding sites, and presumably RAP1, are involved in transcriptional regulation of ribosomal protein genes. Deletions of RAP1 binding sites reduce transcription, indicating that RAP1 acts as a transcriptional activator of ribosomal protein genes (32, 49) . Moreover, RAP1 binding sites are associated with increased transcription in response to a carbon source upshift (15) as well as decreased transcription in response to histidine starvation (26) . Thus, RAP1 appears to up-or down-regulate ribosomal protein mRNA levels in response to changes in growth rate. However, the steps between the environmental stimuli that alter growth rate and transcriptional regulation mediated through RAP1 binding sites are poorly understood.
In this report, we investigate the role of PKA in the transcription of ribosomal protein genes by comparing wildtype and bcyl deletion strains under equivalent growth conditions. bcyl deletion strains lack the regulatory subunit of PKA and therefore have high levels of PKA activity that are not affected by cAMP (42) . We show that constitutively activated PKA increases transcription of ribosomal protein genes by increasing RAP1-dependent transcriptional activity. More importantly, we show that growth rate regulation of ribosomal protein genes strongly depends on the ability to regulate PKA activity in response to environmental conditions. We suggest YCp91-LexA, which was generated by Dimitris Tzamarias, is a TRP1 centromeric expression vector that contains the ADHI promoter and 5' untranslated region (nucleotides -410 to + 10), followed by the entire LexA coding region (residues 1 to 202), sequences encoding the simian virus 40 nuclear localization signal (27) , and the HAl epitope from influenza virus (8 ( or the LexA control) and the lacZ reporter containing a LexA operator were generated by transforming the relevant plasmids. bcyl derivatives of the above-mentioned strains were generated by transformation with a BamHI fragment containing a bcyl::URA3 disruption allele (obtained from Kunihiro Matsumoto). Because bcyl deletion strains grow poorly and often accumulate suppressor mutations during prolonged growth or storage, we were careful to minimize the time from strain construction to RNA analysis. For each experiment, three independent bcyl::URA3 transformants were generated anew, colony purified, and immediately grown to mid-log phase for subsequent analysis.
For the experiments shown in Fig. 1 to 4, cells were grown in YPD. For the experiment shown in Fig. 6 , cells were grown in glucose minimal medium in the presence or absence of 20 mM aminotriazole, a competitive inhibitor of the HIS3 gene product (36) that elicits the stringent response on ribosomal protein genes (26) . The carbon source upshift experiment ( Fig. 7) was performed as described previously (49). Cells were grown in minimal medium containing 2% ethanol, 0.05% yeast extract, and 0.04% glucose until mid-log phase. Glucose was then added to 2%, and samples were taken after 0, 30, and 60 min.
For the experiment in Fig. 5 , strains were assayed for 3-galactosidase activity as described previously (17) .
RNA analysis. Total RNA was prepared from each sample and quantitated byA260. Ten micrograms of each RNA sample was hybridized to completion with a 10-to 100-fold excess of 32P-labeled oligonucleotides and treated with S1 nuclease as described previously (4, 5) . With the exception of the experiments in Fig. 7 , all hybridization reactions included the DEDI probe, which served as the internal control. The oligonucleotides all contain four residues at their 3' ends that are not complementary to the RNA, thereby permitting an easy distinction between bands due to appropriate RNA-DNA hybrids and undigested probe. Conditions of hybridization probe excess were verified by showing that the observed band intensities were unchanged upon decreasing the amount of probe by a factor of 5. The HIS3 and DEDI oligonucleotides have been previously described (5) , and the sequences of others used in this study are as follows: RPS13, CACCGGCCAACTTCAAT TCTGCGTCCAAACGAGAAGATTCGTAAGGTCCTCC; RPS4, GTGTTTFCTVJGGTCCTCTTCTGlITrGGACGGCCT CITGYTACGGCCACCGAGGTT; and RPL29, TTCTGTG GTGATGTTGACCACCGGCCATACCTCTACCACCGG GGTGCTCC1TCA.
With the exception of the experiments in Fig. 7 , RNA levels of the ribosomal protein genes were quantitated with respect to the DEDI internal control, using Phosphorlmager (Molecular Dynamics) analysis. Each determination represents the average of three RNA samples, which were prepared from three independent colonies (or transformants in the case of bcyl deletion strains). The values are accurate to ± 15%.
In the carbon source upshift experiment ( Fig. 7 (9, 11, 12, 31 RNA blots, using TBP RNA levels as an internal control (data not shown).
To determine whether this PKA effect was specific to RPS13, we analyzed the same RNA preparations with probes to RPS4 and RPL29, which encode small-subunit protein S4 and largesubunit protein L29, respectively (Fig. 1) . In bcyl strains, RPS4 and RPL29 RNA levels are 2.0-fold higher than in the wildtype strain. Thus, constitutively activated PKA increases transcription of at least three ribosomal protein genes.
RAP1 binding sites are necessary and sufficient for PKAdependent induction. RAPI binding sites in ribosomal protein promoters are associated with increased transcription in response to a carbon source upshift (15) and decreased transcription in response to histidine starvation (26 (Fig. 3) . In a wild-type strain (KY2006), transcription from the artificial promoter is initiated equally from the + 1 and + 13 sites at a level comparable to that of the native HIS3 promoter under noninducing conditions. However, in a bcyl disruption strain (KY2016), the level of the +13 transcript was increased by a factor of 2, whereas the level of the + 1 transcript was slightly decreased Constitutively activated PKA increases RAP1 transcriptional activation. The PKA-dependent increase in transcription of ribosomal protein genes could be due to increased expression, DNA-binding activity, or transcriptional activity of RAPI. To address these possibilities, we quantitated RAP1 DNA-binding activity in cell extracts from wild-type (KY2002) and bcyl disruption (KY2012) strains (Fig. 4) . Although bcyl strains show increased transcription through RAPI binding sites, RAPI DNA-binding activity appears to be approximately threefold lower than that observed in a wild-type strain. It is likely that this slight reduction in RAPI DNA-binding activity reflects decreased RAP1 protein levels (assayed by Western blotting). Consistent with this observation, a RAPJ-lacZ protein fusion containing the intact RAP] promoter region (-1200 to +50) shows threefold less ,B-galactosidase activity in a bcyl deletion strain than in an isogenic BCYJ strain. Thus, the PKA effect on ribosomal protein genes is unlikely to be due to increased RAPI binding to the promoters.
To directly test the hypothesis that PKA increases RAPI transcriptional activity, we examined a LexA-RAPI hybrid protein for its ability to stimulate transcription from an artificial promoter containing a LexA operator upstream of a TATA element (Fig. 5) . In a BCYJ strain, LexA-RAP1 behaves as a weak activator protein in that it stimulates transcription only 2.4-fold more efficiently than the LexA control. Importantly, transcriptional activation by LexA-RAPI is increased by a factor of 8 in a beyl strain, whereas activation by LexA is only twofold higher. Thus, PKA increases RAPIdependent transcriptional activity. (26) . Given the importance of PKA in RAPI-dependent transcription (Fig.  2, 3 , and 5), we investigated whether stringent control of ribosomal protein genes involves the down-regulation of PKA activity during conditions of starvation. Such a hypothesis would predict that strains with constitutively activated PKA would not show a stringent response. Indeed, exposure of a bcyl disruption strain (KY2012) to 20 mM aminotriazole does not affect RPS13, RPS4, and RPL29 RNA levels, whereas similar treatment of a wild-type strain (KY2002) results in the expected twofold decreases (Fig. 6) . Thus, the inability to regulate PKA activity leads to the inability to regulate ribosomal protein genes in response to starvation. source upshift. When glucose is added to yeast cells growing in medium containing ethanol as a sole carbon source, there is a rapid increase in ribosomal protein gene transcription (15) and in intracellular levels of cAMP (25, 41) . Since cAMP regulates the catalytic activity of PKA, induction of ribosomal protein genes upon carbon source upshift could be explained by a simple mechanism in which elevated cAMP levels increase PKA activity, thereby leading to RAPI -dependent transcriptional activation. If this is correct, a prediction of this hypothesis is that bcyl strains, which do not regulate PKA activity, would be unable to induce ribosomal gene transcription upon a carbon source upshift.
To test this model, we carried out a standard carbon source upshift experiment (15) in isogenic wild-type and bcyl strains (Fig. 7) . However, bcyl strains containing the three TPK genes, which encode the catalytic subunit of PKA, are unable to grow in ethanol medium (42) and cannot be tested. Instead, we examined a bcyl strain (RS13-58A-1, kindly sent by Michael Wigler) containing disrupted TPK2 and TPK3 genes and the tpklw allele that encodes a protein with low PKA activity (3). In this strain, RPS13 and RPL29 RNA levels in ethanol medium are about fourfold lower than in the isogenic wild-type strain (SPI, also obtained from Michael Wigler). Upon glucose addition, the wild-type strain shows the expected transcriptional increase (about fivefold for RPS13 and threefold for RPL29 at 60 min). In contrast, the strain with constitutively low PKA activity shows a minimal increase in RPS13 RNA levels (30%, which is at the edge of the experimental error) and no detectable effect on RPL29 RNA levels. Although the lack of a suitable internal control (see Materials and Methods) makes these RNA measurements somewhat less accurate than determinations in the other experiments in this study, it is clear that low, unregulated PKA levels largely abolish transcriptional induction upon carbon source upshift. DISCUSSION RAPI mediates PKA-induced transcription of ribosomal protein genes. In this report, we demonstrate that ribosomal protein mRNA levels are increased twofold in strains that have constitutively high levels of PKA. In the case of RPS13, this effect is eliminated upon deleting a small region of the promoter that contains two RAPI binding sites. Furthermore, a similar twofold induction is observed when a consensus RAPI binding site is placed upstream of a heterologous promoter. Thus, increased expression of ribosomal protein genes by constitutively activated PKA is mediated primarily, and perhaps exclusively, through RAPI binding sites. The increased levels of ribosomal protein mRNAs almost certainly reflect increased transcriptional initiation because it is extremely unlikely that RAPI binding sites affect mRNA stability.
RAPI is an abundant nuclear protein, and it is the only protein known to interact efficiently with RAPI binding sites (2, 18, 21, 33) . Moreover, in all cases examined, mutations in RAPI can affect functions that depend on RAPI binding sites, e.g., transcriptional activation, mating-type silencing, and telomere length regulation (13, 20, 22, 38) . Although the involvement of an unknown DNA-binding protein that interacts with RAPI binding sites cannot be rigorously excluded, we conclude that the PKA effect on ribosomal protein genes is mediated by RAPI itself. This conclusion is strongly and independently supported by the increased transcriptional activity of the LexA-RAPI hybrid protein in bcyl strains.
Constitutively activated PKA affects RAPI transcriptional activity. In principle, the increase in RAPl-dependent transcription in bcyl deletion strains could reflect increased expression, DNA-binding activity, or transcriptional activity of RAPI. However, RAP1 DNA-binding activity in a bcyl deletion strain is slightly reduced from that observed in a wild-type strain. This result is consistent with the observation that RAPI DNAbinding activity is not correlated with changes in the expression of ribosomal protein genes (19) . Expression of RAP1, assayed by Western blotting or by a RAPI-LacZ protein fusion, is also slightly lower. In contrast, RAP1 transcriptional activity, assayed by a LexA-RAPI hybrid protein, is clearly more efficient in a bcyl strain than in a BCYI strain. These results indicate that the PKA effect on ribosomal protein genes is due to increased transcriptional activity of RAPI.
The conclusion of increased RAPI transcriptional activity is further supported by the initiation pattern of the artificial promoter containing a consensus RAP1 binding site upstream of the HIS3 Tc and TR TATA elements. In wild-type strains, RAPI confers equal transcription from the +1 and + 13 sites, whereas the increase in the bcyl deletion strain is restricted to the + 13 site (Fig. 3) . Extensive analysis of the HIS3 promoter indicates that a preferential increase in +13 transcription is associated with increased transcriptional activation mediated through TR, a conventional TATA element (23, (28) (29) (30) 35 PKA-dependent modulation of RAP1 activity plays a major role in growth-regulated transcription of ribosomal protein genes. RAP1 is responsible for the regulation of ribosomal protein genes in response to growth conditions (15, 26) and to constitutively high levels of PKA. Our results strongly suggest that modulation of RAP1 transcriptional activity by PKA largely accounts for this growth-regulated transcription (Fig.  8) (Fig. 6) , and constitutively low PKA levels largely prevent the induction upon carbon source upshift (Fig. 7) .
Although PKA-dependent modulation of RAP1 activity plays an important role, it is not sufficient to account for all aspects of growth-regulated transcription of ribosomal protein genes. Several ribosomal protein genes appear to lack RAP1 binding sites in their promoter regions, yet they are subject to growth regulation (40, 47) . This finding suggests that other DNA-binding proteins can play a role in growth regulated transcription and/or that RAP1 can be recruited to DNA through protein-protein interactions. If other DNA-binding proteins are involved, regulation of their activities may or may not involve PKA. Alternatively, RAP1 and other DNA-binding proteins may recruit a common cofactor that is regulated by PKA. Conversely, RAP1 binding sites are found in genes that are unlikely to be regulated as a function of growth rate. This observation is likely to reflect the ability of RAP1 to interact with multiple proteins that differentially affect promoter function (14, 38, 44) .
Our results do not address the question of how growth signals alter PKA activity. However, in the case of carbon source upshift, this is probably due to the increased cAMP levels that occur under these conditions (25, 41) and are mediated by the ras-dependent signal transduction pathway (reviewed in reference 1) (Fig. 8) . Higher cAMP levels would certainly increase PKA activity and hence ribosomal protein gene transcription. In the case of the stringent response, the nature of the signal and the signalling pathway is less clear. The putative decrease in PKA activity might be due to lowered cAMP levels or to an alternative mechanism. Although mechanistic details remain to be elucidated, our results clearly implicate PKA in transducing growth signals into RAPldependent transcriptional regulation of ribosomal protein genes.
